The course of precipitation at different temperatures in silver-rich and copper-rich single crystals of silver-copper alloys of various compositions has been studied by X-ray methods. Precipitation is continuous at the higher temperatures when the degree of supersaturation is low and discontinuous when the temperature is low and the supersaturation is high. The experimental results are considered in relation to the various theories of the precipitation process.
X-ray photographs of many age-hardening alloys taken during the precipitation process show that the change in composition of the solid solution is continuous, i.e. there is a gradual movement of the X-Tay lines of the solid solution, from posi tions corresponding to the lattice spacing of the original composition to new positions corresponding to the spacing of the equilibrium composition. This has been called continuous precipitation'. On the other hand, several investigators (Ageew, Hanson & Sachs 1930; Cohen 1937) have established that in polycrystal line silver-copper alloys discontinuous precipitation' occurs. Throughout the ageing process the positions of the X-ray lines corresponding to the original super saturated solid solution remain unchanged, but the lines decrease in intensity, whilst a new set of lines appears corresponding to the spacing of the stable solid solution, and these increase in intensity. This suggests th a t the change in com position of the solid solution is discontinuous, a result which is somewhat difficult to explain. One possible interpretation is th a t an alloy in an intermediate stage in the precipitation process consists partly of crystals in which precipitation is complete and partly of crystals in which precipitation has not commenced. This hypothesis can be tested by experiments on single crystals.
Work with single crystals also makes possible the study of orientation relation ships, recrystallization phenomena and other effects such as those observed by Preston (1938) with aluminium-copper alloys. I t cannot be tacitly assumed, however, th a t results obtained on single crystals also hold good for polycrystalline specimens, since several instances have been reported of differences in behaviour during precipitation (Schmid & Siebel 1934) . In spite of this, the more detailed information obtainable from X-ray photographs of single crystals suggests th a t the results may be of considerable interest hi studying the mechanism of the precipitation process. Ageew et al. (1930) have published back-reflexion photographs of a single crystal of a silver-copper alloy containing 5 % copper which showed th a t recrystallization occurred as a consequence of the strains set up by precipitation. Wiest (1932 Wiest ( , 1933 has also taken photographs of single crystals of copper-silver alloys con taining 5, 7 and 10 % of silver, but apart from stating th a t precipitation was continuous, unlike the discontinuous precipitation observed with polycrystalline material, he gives few details of the effects observed in his photographs.
The present paper records the results of an X-ray examination of single crystals of silver-copper and copper-silver alloys during ageing at various temperatures.
. E x p e r i m e n t a l

A. Materials
The alloys of which it was desired to grow single crystals were obtained in the form of wire about 1 mm. diameter. They were prepared from high-purity con stituents. The silver contained 99-9 % silver by weight and the copper 99-98 %. The crystals as grown were about 1-25 mm. diameter and 10 cm. long. For use as X-ray specimens they were cut into pieces about 12 mm. long, a length of about 1 mm. at the centre of the piece being examined by X-rays. During the production of the single crystals some segregation occurred, so th at the composition of any particular piece was not necessarily th at of the original material. The compositions of the individual pieces were determined by measuring the lattice parameter after a long solution heat treatm ent and using the lattice parameter-composition curves previously determined by X-ray workers (Ageew, Hanson & Sachs 1930; Ageew & Sachs 1930; Schmid & Siebel 1933; Owen & Rogers 1935) . Growth of the single crystals The single crystals were prepared by the Bridgman method by lowering through a furnace having a region 50-100° C above the melting-point. The apparatus is shown diagrammatically in figure 1 . The crucible (G) is a 6 mm. diameter rod of Acheson graphite having an axial hole 1*25 mm. diameter (closed at the bottom end) down which the alloy wire is pushed. The crucible is suspended on a 0*1 mm. diameter tungsten wire which is wound round a drum (E), the drum being rotated by an electric clock mechanism inside the vacuum cham ber ( F) . The specimen is lowered through the silica tube (8 ) at about 10 cm. an hour. At (L), (M) and (N) are ground-joints sealed with Apiezon Sealing Compound Q. The system is evacuated by an oil diffusion pump and rotary backing pump.
At first attempts were made to carry out the solution heat treatment in the same furnace, im mediately after solidification of the crystal. The furnace was wound to have a region CD at the solution temperature, just below the region AB in which the alloy had been melted. After cooling through the region BC the specimen was held in the region CD for several hours and then crucible and specimen were quenched. This method was not satisfactory, as the presence of the crucible gave rise to a quenching rate which was too slow for the silver-rich alloys and precipitation occurred. Further more, if the badly quenched crystal was subsequently reheated for requenching, the crystal broke up.
The following method was found to be successful and was adopted. The specimen was lowered in the crucible right through the furnace. This produced a 'crystal' in which some precipitation had taken place, but the orientation of the matrix was the same throughout and the specimen could be reheated without disturbing the continuity of the crystal.
The specimen so prepared was carefully removed from the graphite crucible and heat-treated as described in § C.
C. Heat treatment
High-angle X-ray spots on back-reflexion photographs of crystals quenched after heat treatment for 10 hr. in vacuo at 780° C were not very sharp. Crystals were then annealed for 100 hr. at 780° C in hydrogen (to prevent oxidation and preferential evaporation of one constituent); the hydrogen was then removed by evacuation and the specimen quenched by the admission of water into the evacu ated furnace tube (Rosenhain 1908) . This treatm ent gave satisfactory photographs, and according to Schmid & Siebel (1933) should be more than sufficient to ensure th at the alloy is a homogeneous solid solution.
Ageing was carried out in tubular resistance furnaces, the furnace tem perature being maintained constant to ± |° C by an automatic temperature regulator of the platinum-resistance type. During ageing, specimens were sealed into evacuated pyrex tubes. Where ageing times were less than 10 min. the pyrex tube containing the specimen was immersed in a bath of molten tin.
D. X-ray apparatus
The X-ray rotation photographs were taken in a cylindrical camera 3 in. in diameter, with the beam glancing one side of the specimen, which was wider than the beam. Usually the axis of rotation was the axis of the cylindrical crystal rather than any particular crystallographic direction, but some rotation and oscillation photographs have been taken with particular crystallographic directions as axes. In some cases lattice spacing measurements were made on the crystals by the back-reflexion method. The distance between specimen and film was found from the position of the lines of a calibration substance (usually silver, of which a small quantity, in the form of fine powder, was coated on the surface of the single crystal).
All rotation photographs have been taken with copper Kcc radiation; for some of the back-reflexion photographs cobalt or nickel radiation was used. All photo graphs were taken with the specimen at room temperature (19 + 2° C).
Precipitation in single crystals of the silver-copper system 157 3. E x p e r i m e n t a l r e s u l t s A. Silver-rich alloys (a) Ageing at 300° C. Figures 2-5 (plate 4) illustrate the changes which occur, during ageing of a single crystal containing 7-3 % copper by weight. Re flexions from one side of the specimen only appear on the photographs. 6, the Bragg angle, increases from left to right. The spots may be identified by means of figure 5 , on which the values of ( H2 + the top) and the precipitate (at the bottom). After 8 min. (figure 3) some pre cipitation has taken place. Some parts of the single crystal have retained the original orientation and lattice spacing, whilst other regions have broken up into material of somewhat different orientation and a larger lattice spacing than th at of the single crystal. As far as can be ascertained from measurement of the films, this materal is the solid solution composition stable at 300° C. From the width of the lines of the stable composition it may be estimated th at these regions are not smaller than 150 A, i.e. about 40 atomic distances linear dimensions. The highangle spots on the photograph show smears on one side, indicating the presence of some material having lattice spacings intermediate between those of the un stable and stable solid solutions. If this effect was present on photographs of polycrystalline specimens, it is unlikely that it could be observed with any cer tainty. It may be due to strain-either tensile strain in the unstable or com pressive strain in the stable solid solution-but as the smears appear to lie only between the lines of the stable and unstable solid solutions, we think a more likely explanation is that there is some material present which has compositions inter mediate between those of the stable and unstable solid solutions. If this is so, besides those regions in which precipitation has not commenced and those in which precipitation is complete, there are some regions in which precipitation is in an intermediate stage. This material has the same orientation as the original single crystal, so it seems that a region of the crystal retains its orientation, the matrix composition changing gradually, until it approaches the stable solid solution composition, i.e. precipitation is almost complete in the region when crystal fragmentation* takes place. It appears possible, therefore, that even in this alloy true 'discontinuous precipitation' does not take place, but there is at any one time only a small amount of material in the transition stage.
After 90 min. (figure 4) precipitation is nearly complete. All the original single crystal spots have disappeared. It is noticeable that there is some preferential orientation in the stable solid solution. There is as yet no trace of the precipitated copper. The precipitate lines can, however, be seen long before precipitation is complete if monochromatic radiation is used (Cox & Sykes 1940) .
Further, long annealing at the ageing temperature results in the matrix slowly returning to its original orientation (compare figures 2-5). Figure 5 shows a photograph of the crystal after 1 month at 300p C. On the original photograph lines of the precipitated copper can be readily seen, and these show that the orientation of the precipitate was random. If there were any preferred orientation of the precipitate, it should be more easily detected on a photograph taken with the crystal rotating about the axis (001), or some other crystallographic direction of low Miller indices. A photograph was therefore taken of the crystal after heat treatment for 1 month at 300° 0 , the specimen being rotated about the (001) axis. The photograph showed continuous lines of the copper precipitate; the intensities of the lines appeared to be constant along their length, so that the preferential orientation of the precipitate, if any, is very slight.
Results with a crystal containing 4-7 % copper were very similar to those obtained with the crystal containing 7*3 % copper. The precipitation process in the 7*3 % copper alloy was about four times faster than in the 4-7 % copper alloy. The original orientation of the 4-7 % copper crystal was the same as that of the 7* 3 % copper crystal. Comparison of the photographs showed that the type of preferential orientation of the matrix in the two crystals was the same after pre cipitation. For the 4*7 % copper crystal this orientation was determined as follows. The crystal was orientated so that the axis of rotation was perpendicular to the * Referred to subsequently as 'fragmentation'.
(001) plane and the position of the (100) and (010) normals determined by two 10° oscillation photographs. The crystal was then aged for 4 hr. a t 300° C and replaced in the goniometer so th at its orientation was the same as before ageing. Figures 6 and 7 (plate 4) show rotation photographs of the crystal before and after ageing. A series of 10° oscillation photographs was then taken and pole figures were plotted for indices (100), (110), (111) and (311). The pole figure found for (100) is shown in figure 8. All pole figures correspond to th at obtained by giving the crystal rotations of between 35 and 55° about the normals to the three cube faces as axes. This is in good agreement with the result obtained by Barrett, Kaiser & Mehl (1935) , i.e. a rotation of 42 + 5° about the same axes.
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We can suggest no hypothesis which would account for this rotation.
(6) Ageing at 550° C. Practically no breaking up of the single crystal takes place when a 4-7 % copper alloy is aged at 550° C. Figures 9 and 10 (plate 4) show photographs of the crystal as quenched and after precipitation is complete (20 min. at 550° C). Figure 10 shows one or two extra spots, due to some of the matrix having a different orientation, whilst there are also faint spots in positions corre sponding to a precipitate of copper, having the same orientation as the matrix. They are too faint to be reproducible on figure 10, but can be clearly seen on the original photograph.
The change in spacing appears to be continuous at 550° C. This is best illustrated by the back-reflexion photographs shown in figures 11-13 (plate 4). Figure 11 is the crystal as quenched, figure 12 after 5 min. at 550° C and figure 13 after 20 min. The continuous lines are due to pure silver, used as a calibration substance.
(c) Precipitation during cooling. In experiments in which precipitation occurred during cooling, the orientation of the matrix always remained the same, i.e. there was no fragmentation at any of the cooling rates used (quenching to cooling at 30° C/hr.). At a rate of 30° C/hr. the precipitate showed some preference for the orientation of the matrix, but it was estimated that more than half of it was randomly oriented. The ageing experiments at 300 and 550° C suggest that the orientation of the material precipitated at low temperatures is random, at high temperatures the same as that of the matrix. Thus the precipitate obtained on cooling is to be expected to be partly that of the matrix, partly random. This is in agreement with the work of Barrett et al. (1935) * They found that the necessary conditions for development of Widmanstatten figures were slow cooling at high temperatures, followed by rapid cooling through lower temperatures. For the formation of Widmanstatten figures it is necessary that the orientation of the matrix and precipitate should be related. 380 and 500° C. The results obtained with copper-rich alloys vary with the composition of the alloy and the ageing temperature. At 380° C the ageing of a 5-3 % silver alloy proceeds similarly to silver-rich alloys aged at 300° C. Figures 14-16 (plate 5), as quenched, and aged 18 hr. and 6 weeks respectively, illustrate the changes which take place in the alloy during pre cipitation. The precipitation is largely discontinuous and is accompanied by fragmentation. As long as the original X-ray spots of the solid solution are sharp enough to measure, the spacing is the same as that of the quenched alloy, within the limits of experimental error. Unlike the case of the silver-rich alloys, the orientation of the matrix after fragmentation is random, the crystal size being large enough to produce ' spotty ' X-ray lines, which are also quite sharp, indicating that the fragmentation has relieved much of the strain caused by precipitation (see figure 16 ). As soon as the lines of the stable matrix are strong enough to measure, the spacing is that of the solid solution in equilibrium at the ageing temperature. As with the silver-rich alloys, during precipitation there appears to be a small amount of material present which has lattice spacings and hence com positions intermediate between those of the original and the stable solid solutions. This was shown by back-reflexion photographs taken with nickel radiation, which gave very high resolution.
B. Copper-rich alloys {a) Precipitation at
The precipitate can be seen quite early in the precipitation process. The lines are just visible after 18 hr. at 380° C, although precipitation takes about 70 hr. to complete. Maximum hardness in polycrystalline specimens of these alloys is attained at about the time precipitation reaches completion (Cox & Sykes 1940) . After 50 hr. ageing at 380° C the average size of the precipitate crystals, estimated from the breadth of the X-ray lines, was about 200 A. This method of estimation gives a lower limit for the estimation of crystal size, since broadening due to strain and composition variations is neglected. The fact that the lines are somewhat spotty suggests that the crystals are actually very much larger than this.
When a crystal containing 5-2 % silver is aged a t 500° C the spacing (and hence the composition of the matrix) of the single crystal changes continuously, as table 1 shows. After 8 min. a t 500° C, very faint spots due to precipitated silver can be seen on the photographs, the precipitate having the same orientation as the matrix. As precipitation proceeds these spots slowly increase in intensity (see figure 18 , aged 20 min. and figure 19, aged 2 hr. ). When the matrix fragments at the end of the precipitation process, the precipitate follows suit. The close relation ship which is retained between the orientations of the matrix and the precipitate during fragmentation is very striking. When there is a particularly intense spot on one of the matrix lines a spot is also observed on the precipitate line of the same Miller indices, corresponding to the same crystal orientation. This is shown in figure 20 (aged 36 hr.) and figure 21 (aged 15 days) . From the width of the precipitate spots, it may be estimated th a t 100 A is a lower limit to the average size of the precipitate crystals after \ hr. at 500° C. After 1 hr., when precipitation is about half complete (according to the lattice constant measurements), the lower limit is about 200 A. I t is about the same when precipitation is nearly complete, after 2 hr. These figures are in reasonable agree ment with the size given by Cox & Sykes (1940) for poly crystalline material. From the 'spottiness5 of the precipitate lines after fragmentation, it appears th at the size of some of the precipitate crystals must be of the order of 10-3 cm. linear dimensions. This gives an estimate of the distance which some of the silver atoms must travel before precipitation is complete.
Even at 500° C there is evidence th a t considerable strains are present during the precipitation process. That the silver-rich precipitate is under compressive strain is illustrated by comparison of the distances between the silver line 2 + 4-= 27 and the knife edge on figures 19 and 21. In figure 21 , the Koc doublet is resolved indicating th at strains have been removed by the long anneal a t 500° C. Backreflexion photographs have been taken using the specimens treated for 2 hr. at 500° C and 360 hr. at 500° C, and the lattice spacing of the precipitate determined. The difference in spacing is about 1 part in 200, corresponding to a hydrostatic pressure of 100 tons/sq. in.
In this crystal it seems th a t the strains become so large when precipitation is complete th at the matrix collapses and fragmentation takes place.
Unlike the silver-rich alloys, the copper-rich alloys showed no tendency to return to the same orientation as the original single crystal after long ageing.
Another crystal containing 4-0 % silver precipitated continuously when aged at 380° C. The photographs were similar to figures 18-21 (plate 5), but fragmentation commenced well before precipitation was complete. At 500° C precipitation was continuous, with no fragmentation, in a crystal containing 4-1 % silver. The results
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at 380 and 500° C are summarized in table 2 below. It will be noted from this table that fragmentation may occur when the precipitation is continuous. 
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(b) Precipitation on c o o l i n g
. Like the silver-rich crystals, crystals of alloys showed no fragmentation when precipitation occurred during cooling at a constant rate. The amount of randomly orientated precipitate was, however, much smaller with copper-rich alloys than silver-rich alloys (see figure 17 , plate 5, which shows a copper-silver alloy containing 5*2 % silver cooled from 780 at 30° C/hr.). Much of the precipitate has the same orientation as the matrix.
C. Sundry observations on silver-rich and copper-rich crystals (a) Pre-precipitation phenomena.
In an aluminium-copper alloy containing 4 % copper, Preston (1938) has shown by means of Laue photographs of single crystals that the initial stage of precipitation is the formation of plates of copper-rich atoms on the solid solution lattice. Barrett & Geisler (1940) have reported similar effects in an aluminium-silver alloy containing 20 % silver.
A series of Laue photographs was taken of a single crystal of a copper-silver alloy containing 4 % silver, aged for various periods of time at 400° C. No changes in the photographs were observed which might have been attributed to plate formation in the early stages of precipitation. The photographs showed some diffuse streaks which were found to be identical with those given by a single crystal of pure copper, and these streaks remained unchanged throughout the course of pre cipitation. Such streaks have been the subject of several papers in Proc. Roy. Soc. (1941) .
Precipitation was continuous, and the crystal broke up as precipitation neared completion.
(b) Influence of quenching rate. Copper-rich alloys are not particularly sensitive to variations in the quenching rate, but silver-rich alloys require fast quenching. Crystals of silver-rich alloys quenched in carbon crucibles showed smears on one side of the high-angle X-ray lines (even after long solution treatments at 780° C), indicating the presence of material having a lower copper content than the rest of the crystal. One crystal quenched in air showed two sets of spots having different spacings. The lack of reproducibility of the hardness-time curves of these alloys observed by Ageew et al. (1930) is probably to be attributed to the sensitivity of these alloys to variations in the quenching rate. Sykes, Swindells & Blears (un published work) also found that the specific-heat temperature curve of a silvercopper alloy containing % copper, in the quenched condition, was not repro ducible, and th a t if the quenching rate was reduced by oil quenching, the curve was considerably modified.
The Rosenhain method of quenching which was used in the experiments described usually gave sharp high-angle spots, free from smearing, on the X-ray photographs.
(c) Break-up of the single crystals. I t appears th at if breaking up of the single crystals is to be prevented, it is necessary to avoid much precipitation taking place a t low temperatures. A silver-rich single crystal which had been quenched broke up on reheating to 780° C in 1 hr., presumably due to precipitation having taken place on the way up. No break-up occurred when a quenched crystal was rapidly reheated to 780° C by immersing in a bath of molten tin. When crystals are cooled from 780° C to room temperature in a few hours, a t a roughly uniform rate, it appears th a t most of the precipitation takes place a t high temperatures, and no fragmentation occurs. Such crystals may be put into a furnace and reheated to 780° C without breaking up. Ageew et al. (1930) also found th a t a crystal which had been very slowly cooled broke up on rapid reheating to 780° C.
The copper-rich alloys are more sluggish than the silver-rich alloys. Quenched copper-rich crystals may be heated from room temperature to 780° C in an hour without fragmentation taking place. I t is probable th a t a t this heating rate there is not sufficient time for appreciable precipitation to occur at low temperatures.
(d) Experiments with poly crystalline specimens. We have attem pted to determine by X-ray examination the type of precipitation occurring at relatively high tem peratures in polycrystalline silver-rich and copper-rich alloys which had been cold worked and recrystallized. Precipitation was discontinuous in a silver-rich alloy, containing 5 % copper aged at 550° C, and in a copper-rich alloy containing 6 % silver aged at 600° C. At higher temperatures, or with smaller supersaturations, precipitation may be continuous, but the spacing change accompanying precipita tion is so small th a t it is difficult to decide with any certainty the type of pre cipitation.
A copper-rich single crystal containing 4-1 % silver, in which precipitation was continuous at 500° C, with no break-up of the single crystal, was drawn down from 1-25 mm. diameter to 0-5 mm. The poly crystalline specimen obtained in this way was given a solution heat treatm ent and then aged at 500° C. Precipitation was discontinuous and about four times as rapid as in the single crystal. Wiest & Dehlinger (1934) and Bumm & Dehlinger (1936) working with coppersilver alloys, and Schmid & Siebel (1934) (magnesium-aluminium alloys) have also found differences in behaviour between cast single crystals and material which has been cold worked and recrystallized. Jones & Leech (1941) found variations in the specific-heat temperature curve on copper-beryllium alloys according to the method of preparation.
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A. General Probably the simplest theory of precipitation from a supersaturated solid solution is as follows:
Diffusion of the solute atoms occurs by interchange of atoms. At some places in the solid solution groups of atoms (or nuclei) will be formed, and these will grow as more precipitate atoms diffuse towards them through the solid solution, which will finally reach its equilibrium concentration.
Becker (1937, 1938, 1940) has attempted to calculate the effect on the course of the precipitation process of the surface energy of the nuclei which must be formed first. He found that such nuclei will be unstable and will redissolve unless they are larger than a certain minimum size depending on the degree of supersaturation of the solid solution. According to Becker the rate of nucleus formation is pro portional to exp | , where Q is the diffusion activation energy and A is the free energy increase when a nucleus of the minimum stable size is formed. To a first approximation A is proportional to 1 /(da)2, where a is the solute concentration and Ax the degree of supersaturation. Thus, bearing in mind that in a given alloy the degree of supersaturation increases with a reduction in the ageing temperature, Becker's theory gives a qualitative explanation of the fact that at a given tem perature the rate of precipitation increases with degree of supersaturation.
Once a nucleus of precipitate large enough to be stable has been formed, it will grow by taking up atoms from the surrounding matrix. Our conception of pre cipitation, following nucleation in an alloy for which Becker's assumptions hold, is then represented in figure 22 which shows the concentration (c) of precipitate atoms in the alloy as a function of the distance from the nucleus at A. B is the mid-point between two nuclei. (It is of course realized that 'concentration' has little meaning when applied to groups of only a few atoms.) The line (1) is at the concentration of the original super saturated alloy. Curves (2), (3) and (4) represent successive stages of the precipitation process. The horizontal line (4) which represents complete precipita tion is at the equilibrium concentration of the solid solution. When the nucleus is large enough to be stable the degree of supersaturation required to enable atoms to cross the matrix-precipitate interface at A is probably quite small, so that the matrix concentration at the interface will be close to the equilibrium concentration. Besides ' negative diffusion ' across the interface normal diffusion will proceed, caused by the concentration gradient between A and B bringing more precipitate atoms up to the interface. The shape of the concentration-distance curve will depend on the distances between nuclei and on the relative rates of negative and normal diffusion. This description of precipitation agrees qualitatively with the results of the X-ray photographs of the copper-silver and silver-copper single crystals when precipitation takes place a t high temperatures. The lattice spacing measure ments indicate th a t the concentration of the solute decreases as precipitation proceeds.
On the other hand, Becker's treatm ent of the problem leads to no obvious explanation for the other type of precipitation-discontinuous precipitationwhich is observed in the silver-copper system. In this connexion it may be noted that Becker assumed th a t the crystal structures and lattice parameters of the solid solution and precipitate were the same, and th a t the energy of the nuclei could be expressed solely in terms of the number of pairs of like and unlike atoms. In general the crystal structure and atomic volume of the precipitate will not both be the same as those of the matrix. Consequently there will usually be misfitting at the precipitate-matrix interface, and the surface energy will be similar to th a t of the usual grain boundary rather than the case considered by Becker. The energy of the nucleus should therefore include a further term to allow for the elastic energy due to the different atomic volumes of precipitate and matrix. I t seems highly probable th a t this elastic energy term has a very im portant influence on the course of precipitation in many alloy systems. Mott & Nabarro (1940) and Nabarro (1940 a, b) have estimated the elastic energy of a nucleus of precipitate when the atomic volumes of precipitate and solvent are different, and their results will be considered in relation to the experimental results described in this paper.
B. Orientation relationships and Widmanstatten patterns
As mentioned above, Becker assumed th a t the crystal structures and lattice parameters of precipitate and matrix were the same. In actual cases where they are different, it is to be expected th a t the fit between the matrix and precipitate which has its equilibrium structure and spacing will be better for some planes of contact than for others, so th a t the energy of the precipitate-matrix interface will vary with the plane of contact. This assumption has been used by Mehl and his co-workers (1932 Mehl and his co-workers ( , 1935 Mehl and his co-workers ( , 1939 to provide a reasonable explanation for the W id m anstatten patterns which are observed in aluminium-copper and aluminiumsilver alloys. They suggest th a t the precipitate takes the form of plates, suitably orientated in order to minimize the surface energy. At relatively high temperatures and with a low degree of supersaturation the results of B arrett et al. (1935) and the experiments with single crystals described in this paper show th a t in both silverrich and copper-rich alloys of the silver-copper system, the orientations of the precipitate and matrix are the same. As the structures are the same the misfit will be equally bad on all planes of contact of the matrix-precipitate interface. Thus in this system it is difficult to see why the plates of precipitate should have any particularly favoured orientation. I t is a fact th a t in alloys of the silver-copper system W idmanstatten patterns are much less readily developed than in the two aluminium alloys mentioned above. It is possible th at the orientation of the 166 precipitate is not determined by considerations of good fit, since in all cases where the orientation of the precipitate has been investigated it either retains the same orientation as the solid solution, or where there is a change of structure, it takes up the orientation most closely related to that of the solid solution.
C.
The effect of different atomic sizes of solvent and solute: discontinuous and continuous 'precipitation In § 4 A we have mentioned various conditions which may govern the formation of nuclei of precipitate. In some cases stable nuclei are formed on the solid solution lattice, e.g. the copper-rich plates observed by Preston (1938) in aluminiumcopper alloys. The resulting precipitate in this case has the composition CuA12 and so has a mean atomic volume much nearer that of aluminium than that of copper. Similar effects are not observed in the silver-copper alloys.
According to Nabarro (1940a) the atomic sizes of silver and copper are so different that it is unlikely that any stable nucleus can be formed and remain on the parent lattice, since its elastic energy under such circumstances would be greater than the chemical energy of precipitation; any nucleus will either break away immediately from the parent lattice or redissolve. It seems likely that the nuclei will form at faults or irregularities in the lattice, such as the boundaries between crystals or between the mosaic crystallites.
The subsequent growth of such nuclei has been considered by Nabarro (19406) . He first calculated the elastic energies of various shapes of precipitate and found that the plate-like forms have the lowest elastic energy. A plate which has broken away from the matrix will have a high surface energy, due to the misfitting of the precipitate and matrix at the common interface. The shape of the precipitate will therefore be a compromise between a thin plate of low elastic energy and a sphere of low surface energy. A further factor tends to thicken the plates. The number of atoms reaching unit surface area of the edges and surfaces of the plates will be the same, so that as the plate grows the ratio of its thickness to its breadth should increase. In his treatment Nabarro finds that the dynamical equilibrium ratio of the thickness to the breadth of a large grain is proportional to the supersaturation, so the higher the degree of supersaturation, the greater will be the strain.
These considerations may be utilized to suggest an explanation of the fact that in certain circumstances precipitation is discontinuous and in others continuous.
Discontinuous precipitation. The experimental results concerning discontinuous precipitation are summarized below:
(1) A crystal in which discontinuous precipitation is taking place is composed largely of regions in which precipitation either has not commenced or is complete, with few regions in which precipitation is in an intermediate stage.
(2) Discontinuous precipitation occurs when the degree of supersaturation is high and the temperature is low.
(3) In all silver-rich and copper-rich single crystals examined, if precipitation is discontinuous, fragmentation occurred simultaneously with precipitation.
(4) From a survey of the literature on the subject, Dehlinger (1939) has pointed out th a t discontinuous precipitation occurs only in alloy systems where there is a large difference between the atomic sizes of the solvent and precipitate.
Thus it is seen in (2) and (4) th a t discontinuous precipitation occurs when, according to the theoretical work of Nabarro, large strains are likely to be produced during the precipitation process, and it seems possible th a t the elastic energy associated with the growing nuclei may reach such a high value th a t the m atrix in the neighbourhood of the precipitate collapses under the strain. In the resulting conglomeration of distorted crystallites there should be many places suitable for the formation of further nuclei of precipitate, so th a t precipitation may become catastrophic in the region. Once precipitation commences in a region, therefore, it will proceed very rapidly to completion in th a t region.
The interpretation is in accordance with all the experimental results tabulated above. I t follows, as a consequence of this suggested mechanism for discontinuous precipitation, th a t in all alloy systems where precipitation of this type occurs, it should be accompanied by collapse of the matrix and hence a fragmentation of the solid solution.
Continuous precipitation. Continuous precipitation occurs when the degree of supersaturation is low, and therefore according to Nabarro the strain associated with the growing nuclei is likely to be small. Experimentally it is found th a t fragmenta tion either does not occur in discontinuous precipitation or if it does take place, then it commences only towards the end of the precipitation process. This result is thus in agreement with the hypothesis th a t fragmentation is associated with high strain.
The strains produced by precipitation under low degrees of supersaturaretion a kept small since the precipitate can take up a plate-like form which has a low elastic energy (Nabarro 1940) .
There are, however, some difficulties confronting the viewpoint th a t plate formation is the sole mechanism by which strain is relieved when continuous precipitation occurs with no break-up of the single crystals.
The copper-rich solid solution contains about 1*4 times as many atoms per unit volume as the silver-rich solid solution, so th a t if the elastic energy is to be kept low, atoms must be moved during precipitation by some other means than merely place-changing. The orientation of the precipitate is the same as th a t of the matrix. It might be expected th a t when the precipitate breaks away from the matrix and shifting of the atoms occurred, the orientation was likely to be upset. Furthermore, unless the plate of precipitate extends right across the crystal (or possibly across the mosaic crystallite in the case of a single crystal) some fragmentation is likely in order to relieve the elastic strains which will be high in the neighbourhood of the edges of the plate. In an alloy containing 4-0 % silver no fragmentation was observed, although it was held a t the ageing temperature (500° C) for a long period after precipitation was complete.
I t seems probable, therefore, th a t diffusion of vacant lattice sites or interstitial atoms may also play a part in the removal of elastic strains. The number of lattice defects (vacant sites or interstitial atoms) in equilibrium increases with tem perature, so that it is to be expected that the relief of elastic strain by this means would become more effective as the temperature increases, and precipitation should tend to become continuous. Although the results given in table 2 appear to agree with this deduction, it should be noted that comparison has not been made at two different temperatures of two alloys having the same degree of supersaturation at their respective ageing temperatures. I t is therefore possible that the differences in behaviour may be due to the different supersaturations.
The experimental results do not permit an estimate to be made of the relative importance of plate formation and diffusion of lattice defects as mechanisms for reducing elastic strains.
We are much indebted to Professor N. F. Mott, F.R.S., for frequent discussions on the problem which have helped us considerably. Our thanks are also due to the Metropolitan-Vickers Electrical Co., Ltd., and in particular to Dr A. P. M. Fleming, C.B.E., Director of Research and Education Departments, for providing the necessary facilities for the work.
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